Purification of 0-acetylserine sulfuydrylase (OASS) from seedlings of two species of Phaseolus reveals the presence in both species of two forms of this enzyme. The isolation and purification procedure gives purification of 7-to 160-fold for individal isoenzymes with specific activities ranging from 33 IU mg-' to 775 IU mg-' protein.
tions up to 50 mm. The isoenzymes from Phaseolus polyanthus (one of which has a specific activity 24 times higber than the other) are sligtly and approximately equally inhibited by both S2-and OAS.
There is increasing evidence that a variety of plants including spinach (6) , kidney bean (20, 22) , and species of rape, snapdragon, sunflower, wheat, barley, carrot, aster, flax, and pumpkin (18) synthesize cysteine by a two-step process similar to that known to occur in bacteria (12) . First, OAS' is formed in a reaction catalyzed by serine transacetylase. Then, cysteine is synthesized from OAS and sulfide by OASS (15, (20) (21) (22) (23) . Unlike bacteria, there is no evidence for the existence of a multifunctional protein complex of serine transacetylase-OASS in higher plants (20, 22) .
This report is concerned with comparison of some of the properties of OASS from 5-day etiolated seedlings of Phaseolus vulgaris and Phaseolus polyanthus. These species were chosen because the amount of cysteine in seed proteins of P. polyanthus was approximately three times that of P. vulgaris (2) . A relatively simple method of isolation which gives a good yield of the enzymes and which leads to purification to homogeneity as judged by disc gel electrophoresis has been developed. These studies indicate the existence of two isoenzymes of OASS from each species of legume investigated. O-Acetylserine Sulfhydrylase Extraction. All operations were done at 0 to 4 C. Either 100 g of P. vulgaris tissue or, due to the limited availability of seed, 45 g of P. polyanthus tissue were added to an equal volume of the following grinding medium: 0.1 M tris-HCI (Schwarz/Mann) (pH 8.5), 0.1 mm pyridoxal phosphate (Sigma Co.), 10 mm mercaptoethanol (Calbiochem), 1 mm Na2 EDTA (Sigma Co.), 1% (w/v) PVP (Polyclar AT, GAF Corp.), and 1 mm phenylmethylsulfonyl fluoride (Calbiochem). Solid PVP and the phenylmethylsulfonyl fluoride (0.1 M stock in 95% ethanol) were added separately just before grinding the tissues. The tissue was ground in a prechilled mortar for 10 min, passed through eight layers of cheesecloth, and centrifuged at 20,000g for 30 min.
MATERIALS AND METHODS
Next, activated charcoal (Matheson Co.) and calcium phosphate gel (Nutritional Biochem. Corp.) were added according to the procedures of Granroth (8) . Finely ground ammonium sulfate (Schwarz/Mann) was added slowly to 40% saturation. After stirring for 45 min the suspension was centrifuged at 20,000g for 30 min. The pellet was discarded and ammonium sulfate added to bring the supernatant fraction to 90% saturation. After centrifugation, the pellet was resuspended in 0.1 M tris-HCl (pH 8) containing 0.1 mM pyridoxal phosphate, 10 mm mercaptoethanol, and 15% (v/v) glycerol and dialyzed for a 3-hr period against three 1-liter changes of the resuspension solution. The dialysate was centrifuged at 20,000g for 30 min and the supernatant liquid layered on a Sephadex A-50 DEAE (Pharmacia) 2.5 x 30 cm column pre-equilibrated with the deaerated resuspending mixture stated above. The column was washed for 3 hr with the equilibrating buffer before eluting the enzymes with a linear 0 to 0.35 M NaCl linear gradient in resuspending medium (500 ml total) at a rate of 35 to 40 ml/hr. Pooled peak fractions (20 x 2.5 ml) which eluted at approximately 0.15 M NaCl, were dialyzed, added to a second Sephadex A-50 DEAE column (2.5 x 15 cm), and eluted in the same manner as the first DEAE column. Pooled peak fractions were concentrated to 2 ml by *Native 8% resolving gels were prepared by adding 2.5 ml of (a) to 1.25 ml glass distilled water and 3.75 ml of (b) and degassing the mixture for 3 to 5 min. . Then, 7.5 ml of (c), which was degassed separately, was combined with the (a) plus (b) mixture to form the gel.
were located by taking 1.5-mm slices of the resolving gel (7 x 0.5 cm) with an Ames model 3542 lateral gel slicer (Ames Co., Elkhart, Ind.) and placing each individual slice into 0. Protein Determinations. Protein concentrations were determined by first dialyzing 0.4-ml aliquots against 50 mm K-phosphate buffer (pH 8) (0-4 C) before analysis by either the method of Lowry et al. (13) or, for very low protein concentrations, by the fluorometric assay of Bohlen et al. (4) . BSA (fraction V, Sigma Co.) was used as the standard and all samples were read against blanks containing the phosphate buffer.
Estimation of Molecular Weight. Estimations were made by both gel filtration on an agarose Bio-Gel A-0.5m (100-200 mesh) column (2.5 x 50 cm) (Bio-Rad) and by the polyacrylamide gel method of Hedrick and Smith (9) . In the latter case, OASS was localized by the same procedures described under "Acrylamide Gel Separation."
Assays for Seine Transacetylase-O-Acetylserine Sulfhydrylase Complex. Activity of the multienzyme complex of OASS with serine transacetylase was assayed at 25 C by the sulfide ion electrode assay method (5) (Table II) and 4,600 units from 45 g of P. polyanthus (Table III) . These values are about an order of magnitude greater than enzyme preparations from mature rape leaves (14) or radish roots (23) and several orders of magnitude larger than that obtained from kidney bean seedlings (22) . It should be noted that the investigations on the mature rape leaves, radish roots, and kidney bean seedlings employed a Kphosphate buffer (pH 8) for the grinding medium and homogenization of the tissues in a Waring Blendor. The initial specific activities of 4.47 and 4.75 (Tables II and III) are also greater than the 0.68 for mature rape leaves (14), 0.0158 for kidney bean seedlings (22) , and 3.7 for radish roots (23) .
Addition of pyridoxal phosphate was made to all isolation media and assay buffers since dialysis of partially purified P. vulgaris enzyme preparations against 0.1 M tris-HCl (pH 8) (0-4 C) in the absence of pyridoxal phosphate resulted in a 40% loss of enzyme activity compared to dialysis in the presence of 0.1 mM pyridoxal phosphate. Dialysis against 0.05 M K-phosphate buffer (pH 8) (0-4 C) resulted, however, in a loss of 50% of the activity regardless of whether pyridoxal phosphate was present. This loss of activity during dialysis against phosphate could not be reversed by subsequent addition of pyridoxal phosphate, even in concentrations up to 50 mm. Furthermore, if the first DEAE column in the isolation procedure (step 7, Tables II and III) was preequilibrated with K-phosphate buffer plus 0.1 mm pyridoxal phosphate and the enzymes eluted with a 0.05 to 0.5 M Kphosphate gradient, 83% of the activity was lost.
Preparations of OASS from kidney bean seedlings (20) as well as mature rape leaves (14) have been reported to be soluble rather than particulate. This appears to be the case in the present study as well, since centrifugation of the crude homogenate at 100,000g for 50 min sediments less than 1% of the total activity.
The necessity for a broad ammonium sulfate cut to precipitate most of the OASS activities from both legume species studied is in accord with results reported for enzyme preparations from spinach leaves (7), mature rape leaves (14) , kidney bean seedlings (22) , and mature radish roots (23) . The ammonium sulfate step also indicated some variability in the tolerance of the enzymes to ammonium sulfate, with preparations from P. vulgaris losing 39% of their activity when the ammonium sulfate saturation was increased from 40 to 90% while preparations from P. polyanthus lost only 6% of their activity. The enzymes appear to be stable at low ionic strength as indicated by the fact that incubation of partially purified enzyme preparations for 4 hr in a range of pH 7.6 tris-HCl buffer concentrations of 0.2 M to 8.9 mm resulted in no loss of activity.
Measurement of enzyme activities was restricted to pH 7.6 since at more acid pH values, sulfide was lost by volatilization Fig. 1 ) Slice #25 isoenzyme B (see Fig. 1 (14) . For the storage of the enzyme stocks, the best results were obtained when peak fractions eluted off the second DEAE column (step 8, Tables II and III) were concentrated and stored at 0 to 4 C in 0.1 M tris-HCl (pH 8), 0.1 mm pyridoxal phosphate, 10 mm mercaptoethanol, and 15% (v/v) glycerol. Slower loss of enzyme activity by storage of stocks at 0 to 4 C rather than -20 C has also been reported for other plant sources (14, 22, 23) .
Molecular weights of the purified enzyme preparations were estimated by agarose gel filtration and polyacrylamide gel electrophoresis to be in the range of 65,000 to 70,000. This is in good agreement with the 62,000, 66,000, and 68,000 reported for preparations from mature rape leaves (14) , radish roots (23) , and bacteria (1), respectively. Hendrickson and Conn (10) reported 41,000 for the enzyme from blue lupine seedlings.
Before the kinetic studies were carried out, tests for possible interfering reactions were made. In bacterial systems, a multifunctional protein complex of serine transacetylase-O-acetylserine sulfhydrylase as well as a cysteine desulfhydrase, have been reported (5, 11, 12) . No activity of these enzymes was detected in these preparations. Similar results have been reported for these interfering reactions in enzyme preparations from mature rape leaves (14) and kidney bean seedlings (20, 22) . Tests for the reverse reaction of OASS gave very slow and variable rates, about 1,000 times slower than the forward reaction. Separation of Isoenzymes. When aliquots of the pooled and concentrated enzyme fractions from step 8 of the purification procedure (Tables II and III) were subjected to polyacrylamide gel separation, activity profiles as shown in Figure 1 were obtained. When the P. vulgaris enzymes eluted from gel slices 22 and 26 were reelectrophoresed on two separate gels which were not sliced but stained, one gel showed a single band with RF of 0.48 while the other gel showed a single band with RF of 0.58. Reelectrophoresis of a mixture of the two eluted enzymes on a third gel revealed two distinct bands with RF values of 0.49 and 0.57 (Fig. 2) . Similar results were obtained for P. polyanthus enzymes eluted from gel slices 21 and 25 (Fig. 1) Figure 1 were designated A (for the slower moving form, RF 0.47-0.49) and B (for the more mobile form, RF 0.55-0.58). These four isoenzymes were used in a preliminary kinetic study of the response of each to the substrates (S2-and OAS) of the reaction.
Since OASS from Salmonella has been shown to have double competitive bi-bi ping-pong reaction mechanism with both substrates displaying substrate inhibition (5) . it was expected that the enzymes from bean probably would also be inhibited by their substrates. With respect to S2-, this expectation is borne out for P. vulgaris isoenzymes A and B as shown in Figure 3 . In this case, concentrations of S2-higher than 1 mm produce a progressive inhibition of the reaction, although there the inhibition was limited to about 50% of the maximal velocity attained. The curves in this figure are drawn from point to point because it was found impossible to obtain a satisfactory fit by the gradient least squares method (3) (Fig.  4) .
The inflection in the Woolf plot which occurs at about 0.3 mM S2-is indicative of positive cooperativity. The change in slope is significant for both isoenzymes at P < 0.01. although there is no significant difference between the slopes of the lines for isoenzymes A and B in either the low substrate or high substrate phases of the plots. As may be seen in Table IV . the effect of the allosteric response to S2-is to change the Km for S2-from about 1 mM to about one-fourth of that value. The over-all effect is exemplified in the Hill numbers for the same data which are 1.4 for isoenzyme A and 1.5 for isoenzyme B. These values are probably low because the inhibitory effect of S2-is somewhat manifested at these concentrations reducing the apparent sigmoidicity of the response.
The response of isoenzymes A and B from P. vulgaris to OAS is shown in Figure 5 . Unlike the responses to S2-seen in Figures  3 and 4 . there is in this case a clear difference between the isoenzymes in the response to substrate. Isoenzyme A shows no indication of inhibition by OAS at concentrations up to 50 mM and the line is fitted with the standard Michaelis-Menten relationship. indicating a Km of about 4 (see Table IV ). Isoenzyme B. on the other hand. has a Km for OAS of only 1.6 mm and is moderately inhibited by this substrate. The fitting process indi- tained with the isoenzymes separated from P. vulgaris in several different preparations.
The isoenzymes of OASS from P. polyanthus display quite different relative activities. but their responses to S2-are essentially identical (Fig. 6 and Table IV) . Both isoenzymes A and B have a Km for S2-of about 0.2 mm. in the range of the P. vulgaris Km values (Fig. 3) (14) . No other role than in cysteine or S-methylcysteine biosynthesis has been postulated for OAS in Phaseolus (20) . In the enzyme preparations under consideration here. L-serine over a concentration range of 0.25 to 100 mm gave rates 5 to 10% that of saturating OAS while no rates were observed with /3-chloroalanine; however. 20 mm O-propionyl-L-serine gave the same activity as 20 mm OAS.
DISCUSSION
Isolation and Physical Properties. Some differences seem to exist between the enzyme preparations reported here and other investigations. First. it has been claimed that not only significant purification but also stabilization of the enzymes from mature rape leaves (14) and radish roots (23) occurred by subjecting the initial crude homogenates to 70 C for 3 min. Enzyme activities eluted from the first DEAE column in these studies decrease rapidly at temperatures > 40 to 45 C. Even the purified enzyme preparations following polyacrylamide gel separation lose 10 to 15% of their activity on standing at room temperature (23-25 C) for 24 hr. Second. there is evidence that pyridoxal phosphate is a component of OASS from both bacteria (5. 12) and mature plant tissues (14. 23) . Although no stimulation of enzyme activity by exogenous pyridoxal phosphate was reported for enzymes from kidney bean seedlings (22) or mature rape leaves (14) . dialysis experiments on the preparations in the present studies indicated that the holoenzyme is somewhat labile. Both dialysis and DEAE chromatography in K-phosphate buffer enhance this lability, perhaps through phosphate suppressing reassociation of the pyridoxal phosphate. Since these experiments used preparations containing both enzyme forms it may be that one form has a more labile pyridoxal phosphate than the other. There is some evidence for OASS from mature rape leaves that this may be the case (14) . For these reasons, a tris-HCI buffer system rather than phosphate was used for all isolation and assay buffers in these studies. Loss in enzyme activity in phosphate buffer whether pyridoxal phosphate is present or not may partly explain the poor recovery of units of enzyme activity and the lower specific activities found in investigations employing phosphate buffers (14, 22, 23) .
Separation and Kinetic Properties of Two Enzyme Forms. The broad distribution of activity in ammonium sulfate cuts in addition to two peaks of activity eluting from the DEAE columns hinted at the possible existence of more than one enzyme form in the aerial parts of the legume seedlings tested in this report. Giovanelli and Mudd (7) reported earlier two ammonium sulfate fractions which contained OASS activity while Ngo and Shargool (18) had visualized compartmentalized isoenzymes with one for producing cysteine for synthesis of thioglucosides and the other for cysteine incorporated into protein. We have obtained direct evidence for the existence of two enzymes by polyacrylamide gel electrophoresis which resulted in separation of two forms from each legume species tested in this report. Purified enzyme preparations from mature rape leaves (14) were also found to consist of two enzyme forms which have similar molecular size, subunit composition, and Km for OAS but which differ in electrophoretic mobility, stability at 0 to 4 C, fluorescence under UV light, and specific activities. Masada et al. (14) referred to the slower moving band during gel electrophoresis as a "modified" OASS, the modification by implication being due to some alteration in the pyridoxal phosphate chromophore, and stated that the activity of this enzyme form could not be raised to that of the faster moving "native" enzyme by preincubation with pyridoxal phosphate but that the electrophoretic mobility of the two enzyme forms "coincided well" if electrophoresed in the presence of pyridoxal phosphate. This is clearly not the case for enzymes from Phaseolus seedlings. Pyridoxal phosphate (0.1 mM) was present in all isolation media and assay buffers and, in one experiment, in the gels and buffers during electrophoresis, and there still resulted two distinct enzyme forms although the activities of the two enzymes eluted from the gel slices were about the same for P. vulgaris but markedly different for P. polyanthus. Whether or not these differences are due to some alteration in the state of pyridoxal phosphate in the enzymes remains to be determined. It is interesting to note in this context that Tamura et al. (23) found only one enzyme form in preparations from mature radish roots.
The Km values for sulfide obtained for either enzyme form from either Phaseolus species studied in this report are well within the range of 0.13 to 0.43 mm reported for bacteria (5) and rape seedlings (16) , respectively. The Km values for 0-acetylserine also fall in the range 2.1 to 6.2 mm reported for Salmonella (5), mature rape leaves (14) , rape seedlings (17) , and mature radish roots (23) .
The sulfide electrode assay as used in this report has permitted a more detailed and precise evaluation of the kinetic parameters of enzyme forms separated from two legume species than has been reported for OASS from other plant sources. The differences with respect to sulfide inhibition between the enzyme forms separated from P. vulgaris and P. polyanthus and the more subtle but consistent kinetic differences with respect to the other substrate, OAS, may be one way that levels of cysteine in plant tissues are controlled and the observed characteristics may be related to the differing levels of cysteine found in seed protein of the two species studied here (2) .
